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Functional diversity of PH domains: an exhaustive modelling study
Niklas Blomberg and Michael Nilges
Background:  Pleckstrin homology (PH) domains are found in many proteins
involved in signal transduction or cytoskeletal organization. The general function
for the domain is still unclear; phospholipid binding of some PH domains and a
strong electrostatic polarization in the experimental structures suggest a role in
localization on membranes. We have analyzed the electrostatic properties and
the spatial amino acid distribution from homology models of the entire PH
domain family.
Results: Despite the sequence divergence, the quality of the models is
sufficient for our study. Most PH domains have an electrostatic polarization
similar to the experimental structures. But roughly half of the PH domains linked
to a Dbl homology domain have very different electrostatic properties. We also
found a striking electrostatic complementarity in some internal PH domain
repeats. The analysis of the spatial distribution of amino acids identified
residues in the phospholipid-binding site of the spectrin and dynamin PH
domains as specific for these domains.
Conclusions: The mostly conserved electrostatic polarization supports a
general function in binding to phospholipid membranes. But the presence of PH
domains with opposite polarity suggests that ligands and functions have
diverged during evolution. We also demonstrate homology modelling as a
general sequence analysis tool that can yield significantly more information than
conventional analysis.
Introduction
Structural biology can provide important information for the
interpretation of biological data or the prediction of func-
tional properties of proteins. But the elucidation of new
protein structures lags far behind the generation of new
sequence data. Homology modelling may help in the inter-
pretation of the structure/function relationship for a large
proportion of the known proteins [1], but is dependent
on homologous sequences with known three-dimensional
structure.
A case in point are the pleckstrin homology (PH) domains.
They were discovered initially as an internal repeat in
pleckstrin [2,3]. Extensive profile searches revealed the
presence of this domain in a multitude of proteins with
diverse functions in intracellular signalling and cytoskele-
tal organization [4]. Many proteins involved in yeast bud-
ding contain a PH domain [5]. Another interesting group
of PH domains appears immediately C-terminal of Dbl
homology (DH) domains, linking the PH domain with a
putative nucleotide exchange domain [4]. Because the
position of the PH domain in different proteins is in gen-
eral not conserved, this suggests a functional relationship
with the DH domain.
At the time of this study, the structures of five different
PH domains had been solved using either crystallography
or NMR [6–12]. They revealed that despite the low
sequence similarity the core of the domain is structurally
well conserved, and that almost all variation is confined to
the loops. The domain consists of a seven-stranded
β-sandwich with a C-terminal helix closing one edge of
the sandwich (Figure 1). The β strands are joined with
loops of variable length and structure. Some loops can
accommodate large inserts, up to the size of whole inde-
pendent domains, such as the two SH2 and one SH3
domains inserted between strands C and D in the PLCγ
PH domain. The solved structures also suggest that elec-
trostatic polarization is a prominent feature of the PH
domain [13].
Several PH domains have been shown to bind phospho-
lipids or phospholipid headgroups [14–18]. Molecular details
of the interaction between the PH domains of β-spectrin
and PLCδ and inositol-(1,4,5)-triphosphate (IP3) are avail-
able through the crystal structures of two PH domain–
ligand complexes [15,16]. In both cases, the ligand-bind-
ing pocket is located in the centre of the positively
charged face of the molecule. Surprisingly, however, the
binding site is situated in different locations in the two
structures and involves different loops. In the spectrin PH
domain, the interacting residues are located in the long
loop between βA and βB and in the loop between βE and
βF (see Figures 1 and 2) [15]. In the complex of the PLCδ
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PH domain and IP3, the ligand also binds to residues in
the AB loop but on the opposite side, in a pocket between
this loop and the CD loop.
PH domains have also been suggested to be involved in
protein–protein interactions. In the case of β-Ark, the PH
domain and residues immediately C-terminal to the
domain have been shown to interact with Gβγ subunits
[19]. PH domains have also been reported to associate
with protein kinase C subspecies [20]. These results hint
towards a dual function for some PH domains and open
the possibility that the N-terminal and C-terminal parts of
the domain might play different roles.
The function of the majority of PH domain containing
proteins is consistent with a membrane association func-
tion for the PH domains [16], but, as Gibson et al. [21]
have noted, this might not be valid for all PH domains. As
the sequences in the family are so divergent, there is a
possibility of different functional classes of this domain.
Recent structures of another signalling domain with a
clearly different function, the phosphotyrosine-binding
domain, show that these domains have a remarkable struc-
tural similarity to the PH domains [22–24], a fact that is
not at all apparent at the sequence level.
Further structural information could provide insights into
the different functions of the PH domain. While more
structures will certainly be elucidated in the future, we
have chosen to obtain structural information for all identi-
fied PH domains through homology modelling at this point.
We have calculated homology models for the complete PH
domain family in an automated fashion using four experi-
mentally solved structures as templates. In order to vali-
date the procedure, we have modelled those PH domains
with known structure and evaluated the quality of the
models using several structure validation programs and in
terms of root mean square deviation (rmsd) from the true
structure. The accuracy of the electrostatic properties ana-
lyzed within the study was also evaluated. The analysis
has been restricted to aspects of the three-dimensional
structure that do not depend critically on the local accuracy
of the models because the low sequence similarity and the
large loop content leads to a low precision of regions
outside the structural core. Here, we concentrate predomi-
nantly on the electrostatic properties of the domain and
demonstrate that the models contain information that
cannot be obtained from simple sequence analysis. We
have also studied more generally the spatial conservation
of amino acids and compared this with results from a
sequence-based analysis.
Results
Evaluation of the modelling procedure
The structures of spectrin [9,15], pleckstrin [11], dynamin
[7] and PLCδ [16] PH domains were used as templates for
the automated modelling procedure. The modelling was
done using the program MODELLER [25]. For each
sequence, an initial model was constructed by transferring
the sequence-weighted average coordinates from equiva-
lent atoms in the templates without taking covalent or
nonbonded interactions into account. This model was sub-
sequently regularized using simulated annealing in X-PLOR
[26] before the final modelling with MODELLER. The basis
of MODELLER is the derivation of spatial restraints from a
template structure. The restraints depend only on the
local environment of the modelled residue in the template
structure. For several template structures, the restraints
are expressed as weighted sums of the restraints derived
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Figure 1
Molscript [40] representation of the PH domain from mouse β-spectrin.
The phospholipid (IP3) binding site is indicated, as is the
corresponding site for PLCδ.
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Figure 2
Structure of the PLCδ PH domain projected onto a unit sphere using
the same plot as for the dipole moments. The secondary structure
elements are drawn with thick lines.
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from the individual template structures. To validate the
modelling procedure, each of the four template struc-
tures was modelled in turn on the basis of the other three
template structures.
The short X-PLOR regularization was introduced to increase
efficiency, not to produce good models. But it seemed
useful to investigate the quality of the models that have
close to ideal geometry and a correct structural core, and to
monitor the improvement due to MODELLER. The effects
of the short X-PLOR regularization prior to modelling are
shown in Figure 3. The obvious result is a drastic improve-
ment in bond lengths, bond angles and atomic contacts,
which can be seen in the improvement of the PROCHECK
[27] overall G-factor (Figure 3). This is probably also the
reason for the large improvement in the mean-force
potentials from PROSA [28]; the models become more
‘native like’ in terms of packing. Conversely, Ramachan-
dran statistics and rmsd deteriorate during the regulariza-
tion, although this is expected because structural restraints
are absent. Despite the poor geometry, the rmsd of the
initial structures from the true structures is rather good.
There is, however, a significant improvement during the
modelling step for all models except pleckstrin, where the
initial model is already good due to the small loop content.
The rmsd decreases only during the initial regularization
for PLCδ, which has relatively large insertions.
We discuss the test cases in some detail to show which
types of errors should be expected from our models in
general. This is especially relevant in this case, because
the large loop content of this family together with the
functional role of some loops makes it important to validate
the models before analysis. We will show that these errors,
although in some cases quite large, do not have a signifi-
cant influence on the analyzed parameters. The crystal
structure of the Bruton’s tyrosine kinase (Btk) PH domain
was solved recently [29]. This domain is not included as
a template structure as the modelling calculations were
performed before the structure became available. We do
analyze this model in some detail, however.
The models of the known PH domains all have negative
PROSA scores, but in all cases, as expected, they are higher
than the scores for the template structures. When the
PROSA potential of the spectrin model is compared to the
crystal structure, it is evident that the large deviations are
found in the loop regions, especially in the long AB loop.
These regions are also the most variable between the
NMR and the crystal structure (Figure 4a). A comparison
of the Cα rmsd and the PROSA energy (Figure 4) shows that,
although some of the regions with large errors indeed have
large positive energies, for the part of the model that shows
the largest deviation from the true structure the energy is
rather low. This was noted previously by Šali et al. [30] in
an evaluation of MODELLER performance. They also noted
a tendency to model loops in extended conformations
where there is little or no information from templates.
Mouse b-spectrin
The spectrin PH domain has an insertion in the loop
between β strands A and B that forms part of the binding
site. Compared to the loops in the other known PH domain
structures, this loop folds into a different conformation and
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Figure 3
Result of the energy minimization prior to the
full modelling for the test cases by the most
widely used structure checks. Values for the
initial model, after X-PLOR minimization, and the
final model are shown in each plot.
(a) Backbone rmsd of the model to the
template structure. (b) Ramachandran
statistics. (c) PROCHECK overall G-factor.
(d) Average PROSA energy per residue (mean
force potential). Proteins used: pleckstrin
(circles), spectrin (squares), dynamin
(diamonds) and PLCδ (crosses). 2
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almost continues the second β sheet (Figure 1). The spec-
trin PH domain also has a short helix in the loop between
strands C and D that has no counterpart in the other tem-
plate PH domains. Most of the deviations in the model are
confined to these loops: the AB loop is modelled in an
extended conformation, while the helix in the CD loop is
not modelled correctly, although the loop is placed in the
right position. The core secondary structure is accurately
predicted though and the conserved tryptophan in the
C-terminal helix has only minor errors in sidechain confor-
mation. The rmsd of all backbone atoms is 3.2 Å for the
model, but most of the error is confined to the loop regions,
so 80% of the mainchain atoms superimpose with an rmsd
of 1.3 Å (Figure 5a).
Pleckstrin
The pleckstrin PH domain does not contain any large
insertions relative to the other structures and could be
viewed as being close to a ‘canonical’ PH domain. As
expected, the pleckstrin model is also the most accurate,
having a backbone rmsd of 2.2 Å for all backbone atoms,
and only 0.9 Å for the best 80% of the backbone
(Figure 5a). Most of the deviations in the model are con-
fined to the very N terminus and in the loop between
strands E and F.
Dynamin
The dynamin PH domain contains a relatively large inser-
tion in the EF loop. This loop turns towards the loop
between strands A and B and forms almost a lid on top of
the cavity. In the model, both the EF loop and the AB
loop are moved away from the first β sheet and the loop
between the first β strands has a more extended conforma-
tion. The other deviation of the dynamin model is in the
C-terminal helix, which has in the dynamin structure a
slightly different orientation compared with the other
known structures. In the model this helix is oriented as in
the template structures. The overall backbone rmsd for
the dynamin model is 3.2 Å.
PLCd
This PH domain contains a large insertion between strands
E and F, including a short helix that packs against the side
of the second β sheet. This domain also has an N-terminal
helix not found in the other PH domains. The PLCδ model
shows a significantly larger backbone rmsd than the models
of the other PH domains: 5.4 Å for all backbone atoms and
2.9 Å for 80% of the backbone. The largest deviations can
be found in the IP3-binding pocket, where the AB and CD
loops are modelled in a conformation similar to the one
found in spectrin and pleckstrin. The other region with
large errors is the helix-containing loop between strands E
and F. The lack of template makes this loop fold into a
clearly different region and the helix is not modelled at all.
Drosophila b-spectrin
Drosophila spectrin has 40% sequence identity with mouse
spectrin. With this degree of divergence there can be a sig-
nificant difference between the structures, and the NMR
structures [9,12] indeed show variations in some regions,
such as the positions of the short helix between strands C
and D. The loop between strands B and C also differs in
conformation, but is disordered in both NMR structure
ensembles [9,12]. The AB loop also has a more extended
conformation in the Drosophila structure compared to the
mouse PH domain. The model deviates from the structure
in all of these loops where it has conformations closer to the
template than to the structure. Interestingly, the helix in
the CD loop is modelled in a different position from both
the template structure and the Drosophila PH domain struc-
ture. The overall backbone rmsd is 3.3 Å. The Drosophila
β-spectrin structure was not used as a template.
Btk
The Btk PH domain has a long insertion in the loop
between strands D and E that is not well defined in the
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Figure 4
(a) Comparison of the PROSA energy with the Cα rmsd for spectrin. The
potential is evaluated over a window of 10 residues (solid line). The
model to crystal structure rmsd (dashed line) and NMR to crystal
structure backbone rmsd (dotted line) are also indicated.
(b) Comparison of model (solid line) and crystal structure (dotted line)
PROSA energy.
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crystal structure [29]. The comparison of the model to
Btk was therefore done without this loop. Absence of this
loop, however, also makes a reliable computation of the
electrostatic potential for the experimental structure
impossible. The Btk model has an rmsd of 4.5 Å for all
backbone atoms and 1.2 Å for the best 80%. As for the
other models, the deviations are found in the loops,
whereas the secondary structure superimposes well with
the crystal structure. After the final model calculations,
the Btk structure made it possible to revise the alignment
of the PH domains. It was found that in a number of
sequences a β bulge was overlooked in strand D. In the
case of Btk this led to a frame shift of one residue in
strand A. The model based on the new alignment showed
changes only in this strand, whereas the conformation of
the remaining domain and the analyzed properties were
largely unaffected.
Electrostatic properties
Surprisingly, the deviations of the models from the true
structure in the loops influence the electrostatic properties
analyzed to only a minor extent. The strong polarization
seen for the known structures is similarly evident from the
models (Figure 6). In the spectrin model, the two half-
spheres formed by the 1.5 kT contours are well defined
and the substrate-binding positive sphere is positioned
correctly despite the large structural deviations seen for
the loops involved. The dynamin and PLCδ models have
more differences in their potentials. In the dynamin
model, the negative face has a higher potential and the
1.5 kT contour covers a larger part of the molecule,
reflecting the more extended conformations of the AB
loop and the difference in position for the EF loop. The
extended conformation of the EF loop gives a higher
potential further away from the core. A similar pattern can
be seen in the PLCδ model, where these loops have a
rather extended conformation, and the negative potential
contours are also shifted slightly.
Despite these local variations, the overall appearance of
the potentials is conserved in the models so that the strik-
ing sidedness observed in the structures with a strong posi-
tive potential around the substrate-binding loops is clearly
visible. It is also noteworthy that although the models in
terms of rmsd are closer to some of the templates than to
the true structures, the prediction of the potentials clearly
distinguishes the models from the templates and is always
close to that of the true structure (Figure 6).
The insensitivity of qualitative electrostatic properties is
also evident from an analysis of dipole moments (Figure 7a).
This is again surprising, as the loops carry many of the
charged sidechains. The largest differences of dipole
moments can be observed for dynamin, but even in this
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Figure 5
Structure validation of the 104 calculated PH
domain models. (a) Backbone rmsd of models
of the four template structures from the
experimental structures, evaluated in an
iterative procedure similar to [39].
(b) Histogram of the percentage of residues
within the most favoured regions of the
Ramachandran plot. (c) Histogram of the
WhatIf Quality index (the atomic contact
analysis [31]). (d) Distribution of average
PROSA energy per residue [28].
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case the changes are small compared to the total variability
of the dipole moments (Figure 7a). It is interesting to note
that the PLCδ model, which has the largest rmsd, has a
dipole moment almost identical to the true structure
whereas the pleckstrin model, with low rmsd from the true
structure, shows larger deviations (Figure 7a).
Analysis of the entire PH domain family
We have checked the quality of all models with a
number of structure validation tools. The stereochem-
istry of the models is generally good: on average, 84% of
the residues fall within the most favoured regions of the
Ramachandran plot (Figure 5b). The models also pass all
other tests performed by PROCHECK [27] (data not shown).
Because of the large influence of the force field, one
should, however, expect the models to pass this analysis.
Atomic contact analysis of the models was performed
with the WhatIf package [31] to identify bad packing of
sidechain atoms or unusual residue contacts. Well-refined
crystal structures usually score above –1.0, whereas lower-
resolution crystal structures, NMR structures and most
modelled proteins score between –1.0 and –2.0. The
average of our models is –1.0, with 90% of the models
scoring better than –1.4 (Figure 5c), indicating that the
sidechain packing of the models is acceptable. Almost all
models have scores within the range of the template
structure scores.
Three-dimensional mean force potentials as defined in
the PROSA program [28] are another measure of the quality
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Figure 6
Electrostatic potentials of the models of template structures, compared
with those of the experimental structures. The potentials are contoured
at ± 1.5 kT and the molecules are oriented as in Figure 1.
Figure 7
Spherical projection of dipole moments. (a) Dipole moments of the
models of template structures compared with the those of
experimental structures: spectrin (squares), pleckstrin (circles),
dynamin (diamonds) and PLCδ (triangles). Filled symbols represent the
models. (b) Distribution of dipole moments for all PH domains.
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of a protein structure. The average energy per residue for
a well-defined structure is usually below –1.0 kT, while a
positive energy is indicative of an incorrect fold. The
models have an average energy of –0.68, indicating that
the models have the properties of true protein structures
(Figure 5d). There are seven models that have a PROSA
Z-score rank > 1, CEK06H7, Beb1, Bem3, Sip3, Ste5,
Y_YHR155W and Y_YIL105C (see Supplementary mater-
ial, published with this paper on the internet, for a com-
plete listing of the evaluation). These domains have been
indicated in the plots of electrostatic properties and were
not analyzed further.
Electrostatic properties of the PH domains
The majority of the PH domains have a net positive
charge, but a small group of sequences have an overall neg-
ative charge. There are six domains with a negative charge
below –5, PLCγ2-2 (human), PLCγD-2 (Drosophila),
PLCγ-2 (human), Ste5 (yeast) and two database sequences
with unknown function (H_RSC453 and CEK10B2.5).
Two of these, PLCγD-2 and PLCγ-2, belong to the group
of proteins that contain two PH domains. In several cases,
the two domains in one sequence have opposite overall
charges (Figure 8) and some of the internal repeats have
whole domain insertions, for example PLCγ or syntrophin.
The electrostatic polarization of the PH domains was ana-
lyzed by calculation of potential maps and dipole vectors.
Potential maps were analyzed by inspection. The dipole
vectors can serve as a qualitative measure of the sidedness
of the potentials. It was necessary to describe the polariza-
tion by a single parameter because of the large number of
domains analyzed. Most PH domains have an electrostatic
potential with the positive face coinciding with the region
involved in IP3 binding for spectrin and PLCδ (Figures 6
and 9, cf. Figure 1) and indeed, as Saraste and Hyvönen
suggested [5], the electrostatic potential is a strongly con-
served feature of the PH domain. From the inspection of
the potentials, it is also evident that two well-separated
lobes as found in spectrin is rare among the PH domains,
even though all show a strong polarization (see Figure 9
for a few representative examples).
The dipole vectors were analyzed by projecting the tip of
the vectors onto a unit sphere. The sphere is plotted using
a cartographic projection, visualizing the whole surface of
Research Paper  Exhaustive modelling of PH domains Blomberg and Nilges    349
Figure 8
Overall charge of the PH domains from proteins with internal PH
domain repeats.
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Figure 9
Electrostatic potentials for the models of
Cdc24, Ect2, Vav, β-Ark, Ras-GAP and Tsk.
Cdc24 and Ect2 belong to the group of
DH-paired PH domains with a reversed
polarity. Vav also has a different positive face
compared to spectrin and PLCδ. β-Ark,
Ras-GAP and Tsk have all been shown to
bind to phospholipids. The orientations of the
molecules are the same as in Figure 1.
the sphere in one plot (Figure 7). The projection used
(Mollweide) is an equal area projection used commonly
for world maps. This spherical plot of the dipole vectors
from all PH domains shows a clustering of the dipole
moments. The sidedness of charge is a conserved feature
of most members of the PH domain family: the dipole
vectors for the majority of the PH domains have their posi-
tive ends directed towards the loops involved in phospho-
lipid binding in spectrin and PLCδ PH domains (AB and
EF loops, cf. Figures 1 and 2).
The qualitative correspondence of dipole vectors and elec-
trostatic potentials, with the tip of the vector pointing
towards the positive face of the potential, simplifies the
analysis of electrostatic properties of the many models
presented in this study. In general, such a correspondence
will be restricted to molecules with simple electrostatic
properties such as the PH domain. The calculations of the
two properties are very different: the dipole moment is
calculated simply as the vector between charge-weighted
average positions of the positive and negative charges,
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Figure 10
Electrostatic potentials for the internal PH domain repeats. The models are oriented as in Figure 1. For all proteins but pleckstrin, the left-hand
model is that of the domain closer to the N terminus. The left-hand model of pleckstrin is of the domain closer to the C terminus.
while the electrostatic potential involves solving the
Poisson–Boltzmann equation [32]. The dipole moment
therefore provides a simple qualitative measure of charge
polarization. The relationship can easily be seen when
the contoured potentials (Figure 6) are compared with
the corresponding dipole moments (Figure 7).
It is evident from the dipole projections that there are
groups of PH domain sequences that do not fit the general
pattern. One group is clustering around the ‘South pole’ in
the dipole vector plot, whereas another group do not form
a tight cluster but clearly have a different dipole moment
compared to the main group. A large proportion of the
latter sequences belong to proteins having internal PH
domain repeats. It is interesting that of seven sequences
that form a tight cluster (Lbc, Cdc24, Ect2, Unc-89, Scd1
and two database entries, Y_L9470.4 and H_RSC453), all
except Y_L9470.4 belong to the Dbl protein family and
have a DH domain directly N-terminal of the PH domain
(Figure 7b, sequences clustered around the ‘South pole’).
All the above-mentioned DH-linked PH domains have a
dipole moment pointing in the opposite direction com-
pared with the main cluster. The loops involved in lipid
binding in spectrin and PLCδ PH domains (Figure 1) are
in these DH-linked PH domains surrounded by a strong
negative potential. Another DH-paired PH domain, Vav,
also stands out on the dipole vector plot and has a poten-
tial with a clearly different sidedness compared to the
main group (Figures 7 and 9). The ‘lipid-binding loops’
have a positive potential, however.
A number of proteins from different functional classes
[5,33] contain two separate PH domains. Despite the func-
tional diversity in this group, they share a number of prop-
erties. The analysis of the dipole vectors from this group
shows that a majority have a pairwise reversed polarity.
Notable is the difference between the two PH domains in
Torpedo californica syntrophin, which have dipole vectors
pointing in opposite directions and, as seen in Figure 10,
have an electrostatic potential that is inverted with respect
to each other. Dipoles of human and Drosophila PLCγ PH
domains show a similar pattern. In accordance with this is
the overall charge of these domains: in five out of 10 pro-
teins with internal PH domain repeats the domains have
opposite charges. The extreme case is PLCγ with its two
domains being among both the most positive and the most
negative charged domains.
Spatial distribution of amino acids
The spatial distribution of amino acids was analyzed by a
grid-based method giving a ‘spatial sequence’ for each
model (Figure 11). These sequences were subsequently
combined to a three-dimensional alignment that describes
the location of the different amino acid types in the
family. This alignment is fundamentally different from a
sequence alignment based on three-dimensional structures
in that it tries to describe the spatial location of different
functional groups, such as charges independent of primary
sequence and topology. For example, a charged binding
site formed by different loops in different proteins, but
with a conserved three-dimensional location, shows up as
conserved in this type of analysis, whereas it might not be
seen in a conventional sequence alignment.
The alignment was analyzed with the program Sequence-
Space [34], which uses principal component analysis to
identify related sequences and to separate different groups
of sequences. The result of the analysis is a set of eigenvec-
tors to the system, ranked after their eigenvalues. A projec-
tion of the sequences on the first (principal) eigenvectors
then gives a clustering of related sequences according to
their contribution to the different eigenvectors.
The analysis of the spatial alignment showed three groups
separate from the main cluster, formed by the PH domains
of spectrins, dynamins and the Akt kinases, respectively,
indicating that there are conservation patterns within these
groups that are not shared by other PH domains (Figure
12). The eigenvector analysis also allows us to identify the
residues contributing most to this separation [34]. For spec-
trin, most of the distinguishing residues are located in the
IP3-binding site, namely K72 in the EF loop and K16, R21
and W23 in the AB loop. Spectrin is the only PH domain
found so far to have a binding site involving the AB and EF
loops. The other residues found were K91, located on the
top of the C-terminal helix, and K39, at the end of strand C.
K91 forms a salt bridge with E95 in the PH domain from
mouse spectrin and could be involved in positioning of the
C-terminal helix, whereas the function of K39 is less clear.
Of the above-mentioned residues, only R21 and K91 were
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Figure 11
Principle of the grid-based analysis of amino acid distributions. The
relative occupancy of each amino acid was evaluated in a sphere
slightly larger than the grid cube to achieve averaging over
neighbouring cubes (see the Materials and methods section).
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found to be characteristic for spectrin PH domains in the
SequenceSpace analysis of the primary sequence.
In the case of the dynamin PH domains, a similar pattern
can be seen. The spatial alignment identifies residues W34,
K51, K53, K54, E52 and R14 (numbered as in [17]) as spe-
cific for the dynamin PH domains, whereas only W34 was
identified in the sequence-based analysis. Of the residues
identified in the structure-based analysis, W34, K51 and
K53 were implicated in IP3 binding in the study by Zheng
et al. [17], while K54 was shown by Salim et al. [18] to be
essential for PIP2 binding. Just as in the case of the spec-
trin PH domains, the analysis of the sequence alone was
not sufficient to identify the residues involved in binding:
the residues found to be characteristic for the dynamins
were all, except W34, located in the protein core.
Only one residue is clearly characteristic for the Akt
kinase PH domains: R24 located on the top of strand B,
close to the binding site seen for the PLCδ PH domain.
It is surprising to find that a basic residue located on a
conserved positive face of the molecule is specific for
this group, but a possible interpretation is that there are
different residues contributing to the binding site in the
PH domains.
The presence of groups with strongly related sequences
limits the information one can extract from more dis-
tantly related sequences. Therefore, the analysis was
repeated with all except one of the sequences from the
Akt, spectrin and dynamin PH domains removed. Now
the DH-linked PH domains cluster at one end of the plot
(Figure 12), both in the sequence-based and the spatial
alignments. The analysis of both alignments identifies
residues on the outer side of strands B and C that form
a hydrophobic cluster on the surface. The presence of
this cluster in all the DH-linked PH domains suggests
that this is not a problem in the modelling procedure but
rather a feature of this group. The DH domain is located
immediately N-terminal of the PH domain and the
linker is unusually short. It thus seems likely that these
residues are involved in domain–domain interactions.
This type of interaction is seen in the recently published
structure of the mSos1 PH domain [35], which contains
an extra N-terminal α-helix that covers this hydrophobic
patch. Residues F481 and F479, which are found to be
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Figure 12
Analysis of spatial amino acid distribution.
(a) Projection on the second and third
eigenvectors from the SequenceSpace
analysis [34] of the alignment from the three-
dimensional search. (b) The same analysis as
in (a), but produced with a sequence-based
alignment. (c,d) The same analyses as in (a,b),
respectively, but with the strongly related
sequences removed. °, DH-linked PH
domains; ?, PH domain models with Z-score
rank > 1; •, other PH domains.
Spectrins
Dynamins
Akts
(a) (b)
Spectrins
Akts
Dynamins
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specific for the DH-linked PH domains, make close
contacts with this helix.
The PH domains from the Tec kinase family also form a
separate cluster in the repeated analysis. As for the DH-
linked PH domains, the distinguishing residues for this
group were the same in both the sequence-based and the
spatial alignment. Interestingly, three of the residues
identified, K26, R28 and K53, are in a location correspond-
ing to the binding site found for the PLCδ PH domain. In
the PH domain from Btk, which belongs to this group, a
mutation of R28 has been found to cause X-linked
agammaglobulinaemia in humans [36]. The PH domain
from Btk has been modelled previously on the basis of the
dynamin PH domain structure [7] and this residue was
found to be located in a positively charged cleft on the
protein. Residues K26 and K53 were also found to be
located in this part and it was suggested that these
residues could be involved in phospholipid binding. It has
subsequently been shown that Btk indeed binds to PIP3
and that mutation of R28 abolishes this interaction [18].
Discussion
The modelling of the test cases shows that the core of the
PH domain can be accurately modelled despite the
sequence variability, whereas there are large deviations in
the highly variable loops. But the analysis of the electro-
statics for the models shows that these reproduce the
properties of the experimental structures. In the case of
PH domains, electrostatic properties seem to be surpris-
ingly little influenced by the accuracy of the loop model-
ling. This insensitivity of the electrostatic potential to
local conformation is intriguing because these loops are
found to be poorly ordered in the solution structures
[9,17,11], hence the electrostatic field seems to be con-
served even though parts of the proteins are highly
dynamic. The results also show that ‘routine’ homology
modelling can be a useful analysis tool even for very diver-
gent sequences, as long as the analysis is restricted to
more qualitative aspects.
From the analysis of the dipole vectors and electrostatic
potentials of the PH domains, we can deduce properties
that allow a classification beyond what is possible with
sequence analysis alone. We find that the electrostatic
properties are well conserved throughout the PH domain
family with the majority of the PH domains having a posi-
tive potential around the loops involved in IP3 binding in
spectrin and PLCδ. All of the PH domains that have been
shown to bind phospholipids [15–18,37] fall into the main
cluster of dipole vectors, and their potential maps show a
positive potential at the same face that interacts with the
substrate in spectrin and PLCδ.
A number of PH domains do not fit into the general
pattern, however. Among these is a group of DH-linked
PH domains with the dipole vector pointing towards the
C-terminal helix. The electrostatic potential of these pro-
teins (Figure 9) is clearly different from the main group of
PH domains, with positive charges surrounding the C-ter-
minal helix. For this group of PH domains, the loops cor-
responding to the lipid-binding site of PLCδ and spectrin
have a strong negative potential. It is difficult to imagine
phospholipid binding to these DH-linked PH domains in
the same way as for PLCδ or spectrin. Interestingly, we
identify two groups of DH-linked PH domains, because
roughly half of the hitherto identified sequences belong to
the main cluster (Figure 7b).
The function of the DH domain is unclear, but it has
been suggested that it is involved in nucleotide exchange
for the Rho/Rac family of small G-proteins [5,33]. It is
not clear why there should be two distinct types of DH-
linked PH domains, but one can speculate that there are
different types of interaction between the two domains.
A more intriguing possibility is that, if one assumes that
the binding loops identified for other PH domains repre-
sent a general site for ligand interactions, there are two
functional subsets of DH-linked PH domains having dif-
ferently charged ligands. But although one group has a
negative potential around the binding loops there is, in
all cases, at least one basic residue present in these loops.
Thus, it is possible that there is a binding pocket with
the correct charge, even though the region of the protein
has a negative potential. A third possibility is that this
group with reversed polarity also binds to negatively
charged ligands, but with a site close to the C terminus of
the domain. But it is hard to imagine that the C terminus
of the domain, which has a well-conserved structure in
the whole family, is involved in different interactions in
different types of PH domains. Interestingly, the PH
domain from Dbl has recently been shown to mediate
targeting of this protein to the cytoskeletal fraction of
cells, and this targeting is necessary for protein activity
[38]. This supports the notion that PH domains might
bind a multitude of ligands. The Dbl PH domain does
not, however, belong to the group with reversed charges,
but has a strong positive charge. Nevertheless, we
believe that our results, taken together with new bio-
chemical data, can help our understanding of the role of
this domain.
Possibly the most striking result of the present analysis is
the complementarity of electrostatic properties of the PH
domains found for half of the proteins with an internal PH
domain repeat. The best examples of this are the PH
domains from T. californica syntrophin, but the same
pattern is also found in other internal repeats. Several of
these proteins show large differences in total charge
between the two internal PH domains, and again it is dif-
ficult to imagine a role in phospholipid binding for the
negatively charged domains in this group.
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The analysis of the spatial amino acid distribution also
supports the idea of several different functional sites
within the PH domain family. In the case of the PH
domains from spectrins and dynamins, this analysis could
define residues located in the experimentally defined
binding sites as being characteristic. The analysis of
primary sequence alone did not suffice to identify these
residues, as the residues found to be specific in this analy-
sis were mostly located in the core. Because the PH
domain sequences are generally rich in basic residues,
sequence analysis alone may not be able to identify impor-
tant residues, particularly if they are located in loop
regions. Interestingly, residues in the AB loop are used to
build up the two different binding sites found in the spec-
trin and the PLCδ PH domains. Only when the spatial
distribution of amino acids was taken into account could
the difference be identified.
The fact that the binding site is identified in this analysis
as specific for different protein groups is in itself an inter-
esting finding because phospholipid binding has been
proposed to be one of the common features of the PH
domains. If lipid binding was indeed a general feature of
PH domains, one would expect a conserved binding site.
Because the PH domain family is very divergent, it is pos-
sible, though, that a binding site for a common ligand
involves different parts of the domain in the different
sequences. More likely perhaps is that this divergence also
reflects a functional differentiation of the PH domains.
From the analysis of electrostatic polarization it also seems
likely that the PH domains can have different ligands and
therefore phospholipid binding, found for a number of PH
domains, would represent only one class. Our finding that
most PH domains are positively charged in the region
where a number of PH domains have been shown to bind
phospholipids strengthens the idea that this domain is
used for phospholipid-mediated membrane association.
The group of PH domains with reversed polarity could
then represent a new class where the PH domain during
the course of evolution has been recruited and used for
binding other ligands. The idea that the PH domains
might play multiple roles is also strengthened by the
finding that most PH domains in proteins with internal
repeats have widely different electrostatic properties.
Hence, it might not only be worthwhile extending the
search for ligands to other negatively charged compounds,
but it also seems possible that one group of PH domains
may have positively charged ligands.
Materials and methods
Alignment
The alignment used as input for the modelling was kindly provided by
Toby Gibson. Most of the alignment has been published previously [4].
The domains were identified by iterative profile searches of the data-
bases and the resulting multiple sequence alignment was manually
edited. PH domain sequences containing insertions of whole domains
were edited so that the alignment contained only the PH domain proper
with the connecting loops joined together. The alignment used in this
study contains a few marginal hits for which the assignment as PH dom-
ain is only putative. The alignment is available as Supplementary material
(published with this paper on the internet). Accession numbers of all
sequences discussed in this paper in some detail are given in Table 1.
Modelling protocol
Models were calculated with the program MODELLER [25] using an
adapted standard protocol. An initial model was built by transferring the
coordinates of the template to the model sequence using MODELLER’s
TRANSFER_XYZ routine. This crude initial model was regularized using
X-PLOR [26] with a short minimization/molecular dynamics protocol (200
steps of Powell minimization and a total of 550 steps of molecular
dynamics at 300K) to overcome some efficiency problems with MOD-
ELLER 1.2. This model was then used as a starting point for the MODELLER
calculations. The final modelling was performed with the standard proto-
cols provided, using the short simulated annealing refinement option of
MODELLER. We used the structures of spectrin [15], pleckstrin [11],
dynamin [7] and PLCδ [16] as templates for the model calculations. The
protocol was tested using the known structures as test cases, where
each of them was modelled in turn on the basis of the other three.
Electrostatic calculations
Analysis of the electrostatic properties was performed with the
program GRASP [32]. Electrostatic potentials were calculated and
contoured at ± 1.5 kT using the built-in functions of GRASP. Dipole
moments were also calculated with GRASP. The molecules were
charged using the provided full charge set.
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Table 1
EMBL accession numbers for sequences discussed in detail in
this paper.
Sequence Accession number
Unc-89 U33058
Akt1 Z26242
Drosophila dynamin X59448
Drosophila spectrin M92288
Akt2 M95936
Bcr U07000
Btk U13433
Dbl X13230
Lbc U03634
RasA-GAP M23612
Sec7 M85169
β-Ark-1 X61157
Ect2 L11316
Sos1 Z11574
Tec S53716
Vav U39476
Mouse spectrin M74773
Sos-2 Z11664
Dynamin L31396
PLC-III M20637
Scd1 U12538
Cdc24 U12980
Y_L9470.4 U17246
Sip3 U03376
Ste5 L01620
Y_YHR131C U10398
Y_YIL105C Z38125
Torpedo syntrophin U00676
Rabbit syntrophin U01243
Human PLCγ M34667
Drosophila PLCγ D29806
AFAP Y09914
Spatial distribution of residues
A grid-based protocol was developed to analyze the spatial distribution
of residues in the models. The structures were all superimposed with
MODELLER using the initial alignment as a guide. A grid with 6 Å spacing
was layered on top of the structures (see Figure 11). The points were
assigned an amino acid type, based on the simple majority of the atoms
for each amino acid in a 4.5 Å sphere around each grid point. The
spacing of the grid points, 6 Å, and the size of the sphere was chosen to
achieve averaging over space. The protocol was implemented in X-PLOR
[26]. The resulting three-dimensional array was flattened to a one-dimen-
sional vector, a ‘spatial sequence’, for each protein. The resulting ‘3D-
alignment’ was analyzed with the program SequenceSpace [34] to
identify sequences with similar spatial distribution of residues.
Calculations of model rmsd and superpositions
The rmsd between the template structures and their models was calcu-
lated with an iterative protocol [39]. The superposition of the models
for the electrostatic calculations were done using MODELLER [25].
Supplementary material
The supplementary material contains the alignment of the sequences of
all PH domains modelled in the paper and a table with individual valida-
tion results for each model. The coordinates for all models and snapshots
of the electrostatic potentials are available over the internet along with
the details of the structure validation and the X-PLOR and MODELLER proto-
cols used (http://www.nmr.embl-heidelberg.de/~blomberg/PHdomains/).
Acknowledgements
We thank Matti Saraste, Maria Macias and Toby Gibson for valuable discus-
sions and a critical reading of the manuscript. Toby Gibson is also gratefully
acknowledged for providing the sequence alignment of the PH domains.
References
1. Sander, C. & Schneider, R. (1991). Database of homology derived
protein structures and the structural meaning of sequence alignment.
Proteins 9, 56-68.
2. Haslam, R., Kolde, H.B. & Hemmings, B.A. (1993). Pleckstrin domain
homology. Nature 363, 309-310.
3. Mayer, B.J., Ren, R., Clark, K.L. & Baltimore, D. (1993). A putative
modular domain present in diverse signalling proteins. Cell 73, 629-630.
4. Musacchio, A., Gibson, T., Rice, P., Thompson, J. & Saraste, M.
(1993). The PH domain: a common piece in the structural patchwork
of signalling proteins. Trends Biochem. Sci. 18, 343-348.
5. Saraste, M. & Hyvönen, M. (1995). Pleckstrin homology domains: a
fact file. Curr. Opin. Struct. Biol. 5, 403-408.
6. Downing, A.K., Driscoll, P.C., Gout, I., Salim, K., Zvelebil, M.J. &
Waterfield, M.D. (1994). Three-dimensional solution structure of the
pleckstrin homology domain from dynamin. Curr. Biol. 4, 884-891.
7. Ferguson, K.M., Lemmon, M.A., Schlessinger, J. & Sigler, P.B. (1994).
Crystal structure at 2.2 Å resolution of the pleckstrin homology domain
from human dynamin. Cell 79, 199-209.
8. Fushman, D., Cahill, S., Lemmon, M.A., Schlessinger, J. & Cowburn, D.
(1995). Solution structure of pleckstrin homology domain of dynamin
by heteronuclear NMR spectroscopy. Proc. Natl Acad. Sci. USA 92,
816-820.
9. Macias, M.J., Musacchio, A., Ponstingl, H., Nilges, M., Saraste, M. &
Oschkinat, H. (1994). Structure of the pleckstrin homology domain
from β-spectrin. Nature 369, 675-677.
10. Timm, D., Salim, K., Gout, I., Guruprasad, L., Waterfield, M. & Blundell,
T. (1994). Crystal structure of the pleckstrin homology domain from
dynamin. Nat. Struct. Biol. 1, 782-788.
11. Yoon, H.S., Hajduk, P.J., Petros, A.M., Olejniczak, E.T., Meadows, R.P.
& Fesik, S.W. (1994). Solution structure of a pleckstrin-homology
domain. Nature 369, 672-675.
12. Zhang, P., Talluri, S., Deng, H., Branton, D. & Wagner, G. (1995).
Solution structure of the pleckstrin homology domain of Drosophila
β-spectrin. Structure 3, 1185-1195.
13. Ferguson, K.M., Lemmon, M.A., Sigler, P.B. & Schlessinger, J. (1995).
Scratching the surface with the PH domain. Nat. Struct. Biol. 9,
715-718.
14. Harlan, J.E., Hajduk, P.J., Yoon, H.S. & Fesik, S.W. (1994). Pleckstrin
homology domains bind to phosphatidylinositol-4,5-bisphosphate.
Nature 371, 168-170.
15. Hyvönen, M., Macias, M.J., Nilges, M., Oschkinat, H., Saraste, M. &
Wilmanns, M. (1995). Structure of the binding site for inositol
phosphates in a PH domain. EMBO J. 14, 4676-4685.
16. Ferguson, K.M., Lemmon, M.A., Schlessinger, J. & Sigler, P.B. (1995).
Structure of the high affinity complex of inositol trisphosphate with a
phospholipase C pleckstrin homology domain. Cell 83, 1037-1046.
17. Zheng, J., Cahill, S., Lemmon, M., Fushman, D., Schlessinger, J. &
Cowburn, D. (1996). Identification of the binding site for acidic
phospholipids on the PH domain of dynamin: implications for
stimulation of GTPase activity. J. Mol. Biol. 255, 14-21.
18. Salim, K., et al., & Panayotou, G. (1996). Distinct specificity in the
recognition of phosphoinositides by the pleckstrin homology domains
of dynamin and Bruton’s tyrosine kinase. EMBO J. 15, 6241-6250.
19. Touhara, K., Inglese, J., Pitcher, J.A., Shaw, G. & Lefkowitz, R.J.
(1994). Binding of G protein beta gamma-subunits to pleckstrin
homology domains. J. Biol. Chem. 269, 10217-10220.
20. Konishi, H., et al., & Kikkawa, U. (1995). Molecular cloning and
characterization of a new member of the rac protein kinase family.
Biochem. Biophys. Res. Commun. 216, 526-534.
21. Gibson, T.J., Hyvönen, M., Musacchio, A. & Saraste, M. (1994). PH
domain: the first anniversary. Trends Biochem. Sci. 19, 349-353.
22. Eck, M.J., Dhe-Pagnanon, S., Trüb, T., Nolte, R.T. & Shoelson, S.E.
(1996). Structure of the IRS-1 PTB domain bound to the
juxtamembrane region of the insulin receptor. Cell 85, 584-592.
23. Zhou, M.-M., et al., & Fesik, S.W. (1996). Structure and ligand
recognition of the phosphotyrosine binding domain of Shc. Nature
378, 584-592.
24. Lemmon, M.A., Ferguson, K.M. & Schlessinger, J. (1996). PH
domains: diverse sequence with a common fold recruit signaling
molecules to the cell surface. Cell 85, 621-624.
25. Šali, A. & Blundell, T. (1993). Comparative protein modelling by
satisfaction of spatial restraints. J. Mol. Biol. 234, 779-815.
26. Brünger, A.T. (1992). X-PLOR. A System for X-ray Crystallography
and NMR. Yale University Press, New Haven, USA.
27. Morris, A.L., MacArthur, M.W., Hutchinson, E.G. & Thornton, J. (1992).
Stereochemical quality of protein structure co-ordinates. Proteins 12,
345-364.
28. Sippl, M.J. (1993). Recognition of errors in three-dimensional
structures of proteins. Proteins 17, 355-362.
29. Hyvönen, M. & Saraste, M. (1997). Structure of the PH domain and
Btk motif from Bruton’s tyrosine kinase: molecular explanations for
X-linked agammaglobulinaemia. EMBO J. 16, 3396-3404.
30. Šali, A., Potterton, L., Yuan, F., van Vlijmen, H. & Karplus, M. (1995).
Evaluation of comparative protein modeling by MODELLER. Proteins
23, 318-326.
31. Vriend, G. & Sander, C. (1993). Quality control of protein models:
directional atomic contact analysis. J. Appl. Crystallogr. A 26, 47-60.
32. Nicholls, A., Sharp, K. & Honig, B. (1991). Protein folding and
association: insights from the interfacial and thermodynamic
properties of hydrocarbons. Proteins 11, 281-296.
33. Shaw, G. (1996). The pleckstrin homology domain: an intriguing
multifunctional protein module. Bioessays 18, 35-46.
34. Casari, G., Sander, C. & Valencia, A. (1995). A method to predict
functional residues in proteins. Nat. Struct. Biol. 2, 171-178.
35. Koshiba, S., Kigawa, T., Kim, J.-H., Shirouzu, M., Bowtell, D. &
Yokoyama, S. (1997). The solution structure of the Pleckstrin
homology domain of mouse Son-of-sevenless 1 (mSos1). J. Mol. Biol.
269, 579-591.
36. Vihinen, M., et al., & Smith, C.I. (1995). Structural basis for pleckstrin
homology domain mutations in X-linked agammaglobulinemia.
Biochemistry 34, 1475-1481.
37. Harlan, J.E., Yoon, H.S., Hajduk, P.J. & Fesik, S.W. (1995). Structural
characterization of the interaction between a pleckstrin homology
domain and phosphatidylinositol-4,5-bisphosphate. Biochemistry 34,
9859-9864.
38. Zheng, Y., Zangrilli, D., Cerione, R. & Eva, A. (1996). The pleckstrin
homology domain mediates transformation by oncogenic Ddbl through
specific intracellular targeting. J. Biol. Chem. 271, 19017-19020.
39. Nilges, M., Clore, G.M. & Gronenborn, A.M. (1987). A simple method
for delineating well-defined and variable regions in protein structures
determined from interproton distance data. FEBS Lett. 219, 17-21.
40. Kraulis, P. (1991). Molscript: a program to produce both detailed and
schematic plots of protein structures. J. Appl. Crystallogr. A 24,
946-950.
Research Paper  Exhaustive modelling of PH domains Blomberg and Nilges    355
